[1] We present results from the first comprehensive small-scale flux rope survey between 0.3 and 5.5 AU using the Helios 1, Helios 2, IMP 8, Wind, ACE, and Ulysses spacecrafts to examine their occurrence rate, properties, and evolution. Small-scale flux ropes are similar to magnetic clouds and can be modeled as a constant-alpha, force-free, cylindrically symmetric flux rope. They differ from magnetic clouds in that they have durations on the order of tens of minutes up to a few hours, they lack an expansion signature at 1 AU, and they do not have a depressed proton temperature compared to the surrounding solar wind plasma. The occurrence rate of small-scale flux ropes is slightly higher in the inner heliosphere than the outer heliosphere and has a weak dependence on the phase of the solar cycle. The duration of the events as a function of radial distance indicates there is a large, rapid expansion within 1 AU and it becomes constant in the outer heliosphere. This behavior implies small-scale flux ropes are created and nearly complete their evolution within 1 AU.
Introduction
[2] Magnetic flux ropes are a common phenomenon in the heliosphere. They are created on the Sun, in the Earth's magnetotail, and at other planets. They can be described as a bundle of magnetic field lines twisted into a tube-like shape with a strong axial field. In the outer section of the rope, the twisted field is strongest while the axial field lines become dominant in the inner section. In cylindrical coordinates, the axial field is called the core field of the flux rope and the azimuthal field is called the twist or bipolar field of the flux rope.
[3] Magnetic flux ropes are important because they transport field and plasma from one location to another. The scale size of a flux rope is dependent on the environment in which it was created and its subsequent expansion. For example, in the Earth's magnetotail, flux ropes have scale sizes on the order of 17 R E . They are commonly believed to be created by magnetic reconnection across the magnetotail plasma sheet [Moldwin and Hughes, 1992] .
[4] A large-scale flux rope originating at the Sun is called a magnetic cloud (MC) and has been defined as: (1) a smooth magnetic field rotation parallel to a plane, (2) enhanced magnetic field strength compared to the surrounding solar wind, and (3) a depressed proton temperature [Burlaga et al., 1981] . These events have been well-studied from 0.3 to 5.5 AU [e.g., Klein and Burlaga, 1982; Bothmer and Rust, 1997; Bothmer and Schwenn, 1998; Mulligan et al., 1998; Lepping et al., 1990 Lepping et al., , 2006 Lynch et al., 2005; Lepping and Wu, 2007] . They are on average 21 h in duration, varying between 8 and 48 h at 1 AU. The axial field strength is typically greater or equal to twice the background field. The occurrence frequency per year has a low correlation with the monthly sunspot number, based on observations from 1995 to 2003. At 1 AU, MCs usually have a decreasing velocity profile across the duration of the event. This implies that they are still expanding into the solar wind and are not in pressure balance [e.g., Lepping et al., 2006] .
[5] The most utilized flux rope model is called the static constant-alpha, force-free, cylindrically symmetric field geometry [i.e., Goldstein, 1983; Burlaga, 1988] . The forcefree condition implies there are no gravitational or thermal pressure gradient forces and the structure is in steady state allowing r Â B ! ¼ 0 J ! ¼ B ! . Assuming alpha is constant, Lundquist [1950] showed this equation has solutions of Bessel functions as seen in equation 1.
where B 0 is the field magnitude on the axis, R = r/R 0 where R 0 is the radius of the cloud, and r is the radial distance from the cloud axis. J 0 and J 1 are the zeroth-and first-order Bessel functions. H = ±1 and defines the sign of magnetic helicity of the flux rope. The flux rope boundaries are defined to be the first zero of the zeroth Bessel function, where r = R 0 and the value of a is 2.40. The magnetic helicity is a measure of how twisted the field has become and the handedness. Many interplanetary coronal mass ejections (ICMEs) will not fit the classic MC criteria and require more advanced models. If the structure is not force-free or cylindrically symmetric, then the use of a symmetric, static model will give large errors and many interesting events will be excluded from the data set, e.g., the MC-like events from the work of Lepping et al. [2006] . There have been models focused on cases where alpha is not constant [e.g., Farrugia et al., 1995; Osherovich et al., 1999; Vandas et al., 1993; Mulligan, 2002] but such models are often designed to model the magnetic cloud evolution. They are not valid at particular stages of evolution.
[6] MCs are large structures and it is common to study them using hourly data sets. However, hourly averages cannot be used to study phenomena with timescales of the order of tens of minutes to hours. The solar wind small-scale flux ropes identified by Moldwin et al. [1995 Moldwin et al. [ , 2000 are such a phenomenon. These structures were first discovered by Moldwin et al. [1995] with the Ulysses spacecraft near 5 AU. The one event identified was characterized by a bipolar field rotation coincident with a strong axial core field with duration of 4 h. This event motivated a small survey at 1 AU for small-scale flux ropes, where Moldwin et al. [2000] identified six events with the Wind and IMP 8 magnetic field data sets. These events all have bipolar field rotations coincident with a core field enhancement and were on the order of tens of minutes duration and displayed the signature of a force-free, symmetric magnetic flux rope. [7] Small-scale solar wind flux ropes have recently been extensively studied at 1 AU [Cartwright and Moldwin, 2008; Feng et al., 2007 Feng et al., , 2008 . A classic example of a small-scale flux rope (as shown in Figure 1 ) was observed by Helios 1 at 0.39 AU. The magnetic field vectors are shown in solar ecliptic (SE) coordinates. This is a heliocentric coordinate system where B x points from the spacecraft to the Sun, B z is normal to and northward from the ecliptic plane, and B y completes the right-handed set. The magnetic field topology is similar to a magnetic cloud, where in Figure 1 the core field is in B Y SE coincident with a bipolar field observed in B z SE component. The B x SE component is flat consistent with the Lundquist solution shown in equation (1).
[8] Given that the magnetic field topology is similar to magnetic clouds, the search parameters used to identify small-scale flux ropes involved strong core fields associated with a bipolar field in one of the components. The studies by Feng et al. [2007 Feng et al. [ , 2008 [Cartwright and Moldwin, 2008] quantitatively searched for strong core fields. The majority of the events identified by the visual survey by Feng et al. [2007] had weaker core field peaks than the automated survey identified. Upon further examination by Cartwright and Moldwin [2008] , these weaker core field flux ropes found by Feng et al. [2007] were often consistent with compressive Alfvén waves. At these smallscale sizes, there are solar wind disturbances called com- pressive Alfvén waves (or fast mode waves) that can have enhanced total field intensity and a similar magnetic field signature [Burlaga and Turner, 1976] . These events are identified by a cross correlation of the magnetic field and velocity field vectors due to the Alfvén wave property that for an isotropic plasma, v = ± (V A /B 0 )b. The vectors v and b are the perturbations of velocity and magnetic field, B 0 is the average field strength, and V A is the Alfvén speed defined to be: V A = B/(m 0 r) 1/2 . Studies investigating small-scale flux ropes should exclude these events because the magnetic signatures are identical.
[9] The comprehensive surveys at 1 AU [Cartwright and Moldwin, 2008; Feng et al., 2007; indicated a population of small-scale flux ropes that dominates in occurrence frequency over large-scale flux ropes (or MCs) identified from the Lepping et al. [2006] database and maintained online at http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1. html. These three databases [Cartwright and Moldwin, 2008; Feng et al., 2007 Feng et al., , 2008 Lepping et al., 2006] all used Wind data that included some data gaps. Although the magnetic topology of small-scale flux ropes is similar to MCs, these structures differ from MCs in several key ways. Small-scale flux ropes have durations on the order of tens of minutes to several hours and scale sizes on the order of a few hundred Earth radii (0.001-0.003 AU), where MCs are on the order of 20 h and a quarter of an AU in size. Small-scale flux ropes have constant temperature profiles similar to the surrounding solar wind, unlike MCs that have depressed proton temperatures. At 1 AU, they show little expansion unlike MCs, indicating they are at their evolutionary endpoint [Cartwright and Moldwin, 2008] . These differences suggest that they may have different origins, with MCs formed in the lower corona and small-scale magnetic flux ropes forming in the solar wind.
[10] These past surveys at 1 AU and the differences from MCs motivate the current study of the radial evolution of small-scale magnetic flux ropes in the solar wind from 0.3 to 5.5 AU. Ideally, to study the evolution of a small-scale flux rope, the same event should be examined with a spacecraft at various heliospheric distances. We searched the various data sets for such an event but found no event observed by widely separated spacecrafts between 0.3 and 1 AU or 1 and 5.5 AU. This survey presents the results of small-scale flux ropes identified at various heliospheric distances to understand the collective behavior of these objects from the inner to middle heliosphere. This study answers the questions: Are these small-scale flux ropes observed at all radial distances from the Sun? Do they have the same properties at all distances? Do the answers to the questions provide clues to their origins and formation mechanism?
2. Methodology
Spacecraft Used in This Survey
[11] We examined Helios 1, Helios 2, IMP 8, Wind, ACE, and Ulysses magnetic field and plasma data sets available from the National Space Science Data Center, the Space Physics Data Facility, and the solar wind data set compiled to develop a solar wind data set (propagated to the bow shock or not propagated) by J. Weygand at UCLA (http:// www.igpp.ucla.edu/jweygand/htmls/Propagated_SW.html).
[12] Helios 1 and Helios 2 were launched in December 1974 and January 1976, respectively, into a heliocentric orbit that ranged from 0.3 to 1 AU. For more information on the instrumentation and data analysis of the magnetometer experiment, see the work of Scearce et al. [1975] , and for the plasma experiment, see the work of Rosenbauer et al. [1977] . The magnetic field data are available from 15 December 1974 to 16 June 1981 in SE spacecraft-centered coordinates and contain many data gaps.
[13] IMP 8 was one of a series of probes used to investigate Earth's magnetosphere and the solar wind. The IMP 8 data used in this study were from 1975 to 1994, where the spacecraft was in an approximate 12.5 day geocentric orbit. This time period was used to extend the data set between Helios and the start of the Wind mission and provide a 1 AU set of observations that overlap with the Helios data over a solar cycle. IMP 8 was in the solar wind from 7 to 9 days out of the 12.5 orbit. The data coverage in the solar wind was around 60% but contained many small (approximately tens of minutes) data gaps, which decreased the usable coverage for locating small flux ropes to around 45%, depending on the year. The Goddard Space Flight Center magnetometer and the Massachusetts Institute of Technology and Los Alamos National Laboratory plasma data sets used in this study were in geocentric SE (GSE) coordinates at a time resolution of 1 min.
[14] The Wind spacecraft was launched in November 1994 to measure the solar wind and Earth's foreshock. Following a double lunar swingby, Wind was placed in a halo orbit around the first Lagrangian (L1) point allowing for sampling of the incoming solar wind at Earth and spent time in petal orbits near the Earth and the Moon. The magnetic field and plasma data sets used were when Wind was in the solar wind and are described by Lepping et al. [1995] and Ogilvie et al. [1995] , respectively. We used data in GSE coordinates at a 1 min resolution for years 1995 to 2007.
[15] ACE was launched in August 1997 as a solar wind monitor at L1. We used data from 1997 to 2007 in GSE coordinates at 1 min time resolution. For more information on the magnetic and plasma experiments, see the work of Smith et al. [1998] and McComas et al. [1998] .
[16] Ulysses was launched in October 1990 with the primary purpose to investigate the solar wind, neutral gases, and energetic particles as a function of solar latitude. After launch, Ulysses cruised to Jupiter in the ecliptic plane and used the Jupiter flyby to achieve a heliospheric orbit over the solar poles. We will only present results of small-scale flux ropes found in the ecliptic plane. At higher latitudes, out of the ecliptic plane, the solar wind is composed almost entirely of the fast solar wind (>600 km s −1 ). Within the fast solar wind shear, Alfvén waves are found to be almost continuous [Smith et al., 1995] from less than 1 h up to 10 h in scale size [Bruno et al., 1985] . These waves are at the same time and length scales as small-scale flux ropes and share the same magnetic field signature of a bipolar field. This problem will limit the number of small-scale flux ropes found in the fast wind. Because of the Alfvénic nature of the fast wind, there will be a bias in the selection of small-scale flux ropes toward being in the slow wind. Because of the similarities in the magnetic signature and the near-continuous spectrum of these Alfvén waves, identifying small-scale flux ropes is extremely difficult out of the ecliptic plane. We used data from when Ulysses was in cruise to Jupiter and the three subsequent aphelion passes at 5.4 AU (within ± 10°of the solar ecliptic plane, which is 2.9°and −17.2°in heliographic latitude). These passes were during the time periods 5 March 1992 to 17 September 1992 , 18 October 1997 to 27 November 1998 , and 26 December 2003 to 30 January 2005 . Information on the magnetic and plasma data experiments can be found in the work of Balogh et al. [1992] and Bame et al. [1992] . In this study, the data were in radialtangential-normal (RTN) coordinates at 1 (4) min time resolution for the magnetic (plasma) data, respectively.
Selection Criteria
[17] The small-scale flux rope selection was done in three parts: (1) a visual survey of the solar wind magnetic field data sets, (2) a removal of compressive Alfvén waves, and (3) a model validation of the events.
[18] We visually examined the magnetic field data sets using an approximate 10 h window. We decided to proceed with a visual survey over an automated identification method [Cartwright and Moldwin, 2008] primarily because it was difficult to adapt the program to manage the data gaps from the Helios and IMP 8 data sets. We wanted to survey all the data sets in the same manner, so we used a visual survey with a wave removal method for this study. We used the force-free cylindrically symmetric flux rope property of an inflection point located at or near the peak of the axial core field in the small-scale flux rope [Moldwin et al., 2000] . We first identified an inflection point in the B Y or B Z coordinate coincident with a core field peak in the remaining component (B Y or B Z ). The boundaries of an ideal magnetic flux rope are current sheets that often can be observed as minima in the total field component and/or a directional discontinuity separating the flux rope structure from the surrounding solar wind plasma. We identified boundaries by either (1) locating the start and end of the total magnetic field enhancement relative to the background field strength as the beginning and end of the flux rope, (2) using the minima associated with the core field component enhancement, or (3) using the maxima of the bipolar field. After boundary identification, we applied minimum variance analysis (MVA) to the SE, GSE, or RTN coordinates in which the maximum coordinate was the field rotation and the intermediate coordinate was the axial core field [Lepping et al., 1990] . Our standards were such that the maximum eigenvector (l 1 ) divided by the minimum eigenvector (l 3 ) must be equal to or greater than six and the intermediate eigenvector (l 2 ) divided by the minimum eigenvector (l 3 ) must be equal to or greater than two, which will guarantee well determined MVA directions [Sonnerup and Cahill, 1967; Burlaga and Behannon, 1982] . We excluded events if the bipolar field was primarily in the B X GSE; B R RTN; B X SE coordinate as to remove any potential heliospheric current sheet crossings. However, we include events that had B X crossings if the bipolar field was primarily in one of the other two coordinates (as indicated by the maximum eigenvector).
[19] The second step in our selection process was the removal of compressive Alfvén wave-like events; at these small scales, there are several disturbances that can bias surveys unless taken into account. As described in section 1., the magnetic field and velocity components were examined to see if they were correlated. If the correlation coefficient was ≥0.7, suggestive of Alfvénic waves, we excluded the event from the flux rope database. From the initial database of the combined ACE, Wind, IMP 8, and Ulysses events, one third of candidate small-scale flux ropes had Alfvénic properties and were removed from the final database. Those events will be the subject of a future study, but their relative high occurrence indicates that they should be carefully excluded in studies of flux ropes. The inclusion of these events has led to differences between data sets of solar wind flux ropes.
[20] The events were then validated using the nonlinear least squares method. The data were fitted to the force-free, cylindrically symmetric flux rope model discussed in the introduction. We used the same method as described in Lepping et al. [1990] . In this study, we did not use the assumption that the spacecraft passes through the center of the flux rope but used the nonlinear, least-squares minimization of the data to the force-free, cylindrically symmetric flux rope model using five free parameters: the flux rope longitude (8) and latitude (), the impact parameter (p), axial field strength (B o ), and the sign of the helicity (H). The c 2 DIR error from the model fit of the flux rope axis is used to evaluate the goodness of fit, where an error >0.3 is typically a poor fit [Lepping et al., 1990] . We labeled events as flux ropes if the error was up to 0.5. The flux rope axis can have any orientation ( Rope , Rope ) relative to the ecliptic plane. The observed directions of the magnetic field at the leading edge, center, and trailing edge of the flux rope are commonly used to classify magnetic clouds [Bothmer and Rust, 1997; Bothmer and Schwenn, 1998; Mulligan et al., 1998 ]. There are two broad classifications, the first is where the flux rope axis lies in the ecliptic plane (e.g., in the B Y GSE component) and the second where the axis lies out of the ecliptic plane (e.g., in the B Z GSE component). We have classified our events in the same manner. In this study, we are interested in the basic properties of the flux ropes; their orientation; duration of the event, which is slightly modified from the original visual boundaries because of the leastsquares minimization technique; and the strength of the axial field extracted from the model.
Results

Examples of Small-Scale Flux Ropes at Various Radial Heliospheric Distances
[21] We identified 23 small-scale flux ropes from the Helios 1 and Helios 2 data sets, 66 flux ropes from the IMP 8 data set, 91 flux ropes from the Wind data set, 70 flux ropes from the ACE data set, and 20 flux ropes from the Ulysses data set. There were 51 events identified in both the Wind and ACE databases and 12 events found in the ACE data set but not in the Wind data set. We excluded the unique ACE events and created a combined 1 AU database using the Wind and ACE events that contains a total of 98 unique flux ropes. There are a total of 219 unique smallscale flux ropes at radial distances from 0.3 to 5.5 AU. The flux ropes range in duration from 0.22 to 10.35 h. There are several flux ropes in our database that have been previously identified [Feng et al., 2007 [Feng et al., , 2008 Cartwright and Moldwin, 2008; Jian et al., 2008] . The Helios 1 and Helios 2, IMP 8, and ACE/Wind combined database and Ulysses small-scale flux rope database can be found in Appendix A, Table A1 .
[22] We present three examples at 0.3, 1, and 5 AU radial distances. The first flux rope presented in Figure 1 was observed by the Helios 1 spacecraft on 4 March 1975 from 02:19 to 02:47 UT. The axial core field strength was 35 nT. The duration of the event was 0.47 h. It was observed at a heliospheric distance of 0.39 AU. The hourly plasma data indicate it was located in the fast solar wind with a speed of 630 km s −1 . The l 1 /l 3 ratio was 21 and the l 2 /l 3 ratio was 16. The ratio of the axial field strength to the average 6 h surrounding the flux rope was 1.8. The orientation of the flux rope was such that the leading field from the bipolar signature is in the south direction and the trailing field is in the north direction. The axial field is in the west direction, so the event is an SWN event. The flux rope is a right-handed event and is embedded in the away interplanetary magnetic field (IMF) polarity sector. The longitude of the axis is 280°a nd the latitude is −25°, with respect to the ecliptic plane.
[23] The second example presented in Figure 2 was identified with the Wind spacecraft starting on 11 August 1996 at 20:59 UT to 12 August 1996 at 01:36 UT. The duration of the event was 4.62 h. The axial field strength was 5.34 nT. The l 1 /l 3 ratio was 50.7 and the l 2 /l 3 ratio was 12.3. The average solar wind speed over the duration of the event was 350 km s −1 . The latitude and longitude of the axis is 76°and −17°. The flux rope is again classified as an SWN event with a right handedness.
[24] The third example was found by the Ulysses spacecraft at 5.3 AU from 28 November 2004 at 06:05-07:55 UT and is presented in Figure 3 . The axial field strength is 0.74 nT and the axial field strength divided by the surrounding 6 h field strength is 1.07. The duration is 1.83 h.
The average solar wind speed over the duration of the event was 427 km s −1
. The l 1 /l 3 ratio was 156 and the l 2 /l 3 ratio was 7. The flux rope longitude and latitude are 77°and −3°. The flux rope is orientated such that it is SEN event with a left handedness.
Basic Properties at 1 AU and Heliospheric Evolution Statistics of Small-Scale Flux Ropes
[25] We used the Helios 1, Helios 2, IMP 8, Wind/ACE, and Ulysses small-scale flux rope database to study the number of events observed per year and how their properties depend on heliospheric distance. How frequently smallscale flux ropes are observed is a fundamental property that gives clues to their possible origin. The occurrence of smallscale flux ropes over solar cycles 21, 22, and 23 is presented in the upper plot of Figure 4 . We plotted the number of events normalized by number of spacecraft months of observation per year represented as black diamonds. We used this normalization because of the deviations in spacecraft coverage from the various data sets used. The error bars are the plus and minus square root of (the number of events) divided by the months of observations per year. The solid gray line connecting the solid circles is the mean annual sunspot number per year. This plot shows a trend of small-scale flux rope occurrence, with the events most likely observed during solar minimum than solar maximum. We used these observations to create the average number of flux ropes per month of observation for cycles 21 to 23 as a function of solar cycle, shown in the lower plot of Figure 4 . This analysis summed over observations at the same phase of the solar cycle in each cycle (e.g., t, t + 11, and t + 22), and then we plotted the average rate (black diamonds). For example, the first bin is the average number of flux ropes for [26] The number of small-scale flux ropes normalized by months of observation as a function of radial heliospheric distance is presented in Figure 5 . The error bars are the square root of the (number of events) divided by the months of observation. The first column in Table 1 specifies the four regions examined: the inner heliosphere (0.3-0.75 AU), near 1 AU (0.75-1.5 AU) where we have the most months of observations, and then the outer heliosphere, which we have separated into 1.5-4.5 and 4.5-5.5 AU. There are not many events in the 1.5-4.5 AU bin because of lack of spacecraft observing hours, but the events follow the same trend as the 4.5-5.5 AU bin. In the inner heliosphere, the number of events per month is 0.8, which declines to 0.6 at 1 AU and further declines to 0.4 in the outer heliosphere (5 AU). The dashed black line is the least squares fit of the
) to the data, where x indicates how fast the distribution falls off with heliospheric distance. In this case, the distribution falls as R −0.24 , indicating the number of flux ropes as a function of heliospheric distance is not flat. There is a small decrease in the occurrence frequency as a function of radial distance with more events in the inner heliosphere (0.3-1 AU) compared to the outer heliosphere (5 AU).
[27] The duration and scale size of small-scale events as a function of heliospheric distance are presented in Figure 6 . The upper plot shows the average flux rope duration per heliospheric bin indicated by the black diamonds and the individual flux rope durations that created the average are plotted in gray. In the inner heliosphere, the average duration is 1.5 h. The average duration is 2.5 h at 1 AU and flattens to 4 to 4.3 h in the outer heliosphere. The dashed black line is the least squares fit of the function (R x ) to the average duration data; this indicates how the rate at which the duration increases as a function of heliospheric distance. The fit to the data is R 0.37 , indicating the duration in the inner heliosphere has a large increase and then increases more slowly with increasing heliocentric distance. The lower plot shows the average scale size (in units in AU) as a function of heliospheric bin, plotted as the black diamonds. The average flux rope scale size in the inner heliosphere (<0.75 AU) is 0.0132 AU (311 R E ), at 1 AU it is 0.0247 AU (582 R E ), and in the outer heliosphere (5 AU) it is 0.0383 AU (900 R E ). The dashed black line is the least squares fit of the average data to the function R x . The fit is found to be R 0.43 . These plots show a trend where an average event in the inner heliosphere is smaller in duration and scale size than an average event at 1 AU and beyond. [28] One of the parameters of the cylindrically symmetric model fit was the axial core field strength. This parameter was extracted and binned as described in Table 1 . The average axial core field strength of the small-scale flux ropes as a function of heliospheric distance is presented in the upper plot of Figure 7 . The error bars are plus and minus the standard deviation of the average axial core flux rope field strength divided by the square root of the number of events. In the inner heliosphere, the first bin, the average axial core field was 17 nT, rapidly decreased to 7 nT at 1 AU, and then flattened to approximately 2 nT in the outer heliosphere. The black dashed line is the least squares fit of the data to the function (R −x ), where the result found is R −0.94 . The ratio of the axial core field strength to the surrounding background interplanetary field strength determines how strong the small-scale flux rope is compared to the IMF it resides in. The average ratio of axial core field strength to background solar wind IMF as a function of heliospheric distance is present in the lower panel of Figure 7 . The ratio is slightly larger in the inner heliosphere at 1.3 and is flat from 1 to 5 AU at around 1.1. The least squares fit of the data to the function (R −x ) is found to be R −0.07 . This distribution and the error bar size between the data points indicate the strength of small-scale flux ropes relative to the background solar wind is roughly constant from the inner to outer heliosphere.
[29] We examined the plasma behavior of small-scale flux ropes at 1 AU with the database of events identified with the ACE spacecraft, of which there were 70 events identified from 1998 to 2007. To understand the cumulative plasma behavior before, during, and after the event, we analyzed the events with a normalized superposed epoch analysis. The zero epoch time was defined as the inflection point of the flux rope bipolar field, found in either B Y or B Z GSE coordinates. We flipped the bipolar rotation such that the rotation of the bipolar field was from the negative sector to the positive sector. This helped to draw the eye to the beginning, inflection point, and end boundary of the flux rope. The duration distribution of the events is scattered from ∼1 h up to 8 h, with the mean duration on the ∼2 h. To understand the cumulative behavior of these events, we normalized the duration of each event to an approximate mean duration of 2 h, 1 h before the inflection point and 1 h after the inflection point. In addition to this normalization, we found that in order to not have a sharp discontinuity between the boundaries of the cumulative events and the surrounding solar wind magnetic and plasma data we overlapped the normalization with part of the surrounding field and plasma data (∼30 min on each side of the event). After we constructed the matrix of normalized events with the surrounding magnetic and plasma data, the upper, median, and lower quartiles were determined. The superposed epoch is presented in Figure 8 . The upper level is the 75% quartile and is represented as the upper red line, the median value is the 50% quartile (the middle blue line), and the lower level is the 25% quartile (the lower red line). The first panel is the bipolar field of the flux rope, which is either in the B Y or B Z GSE direction. The second panel is the total magnetic field strength. The third panel is the total velocity in km s −1 . The total velocity is constant across the inflection point and is consistent with predominately slow solar wind (<410 km s −1 ). The number density of protons is the fourth panel and shows a constant behavior across the inflection point. The density upper quartile shows a slight enhancement before the small-scale flux rope event, similar to the sheath region formed by swept up ambient solar wind magnetic clouds often display [Lepping et al., 2006] . Beta is the ratio of plasma pressure to magnetic pressure, plotted in the fifth panel and begins to weaken at the start of the smallscale flux rope with the strongest depression at the inflection point. The total pressure is plotted in the sixth panel and is defined as the sum of the proton plasma pressure and the magnetic pressure (P T = n P kT P + B 2 / 2m 0 ). It shows an extremely weak enhancement in the median of 0.03 nPa at the inflection point. The temperature of protons (K) is the last plot and shows a constant profile across the inflection point.
[30] We investigated the proximity of the Wind database of events to the nearest sector crossing (e.g., heliospheric current sheet crossing). The B 8 GSE vector is defined as starting from the Earth to the Sun, rotating counterclockwise, such that the "away" sector was at a longitude of 135°a nd the "toward" sector was 315°. Sector crossings were visually identified in hourly B 8 GSE vector data as a ∼180 degree rotation from one sector polarity to the other. Rotations from one polarity to the other had to remain "stable" which we defined as longer than a day (e.g., if the B 8 vector rotated from one polarity to the other and then rotated back to the original polarity within a day we did not count this as a sector crossing) [Lepping et al., 1996] . This was done to remove random fluctuations and ICMEs, which can disturb the heliospheric current sheet in such a manner. Sector crossings near small-scale flux ropes that were very complex and had no sustained polarity change were discarded; there were 20 events removed for this reason, leaving 71 events in the distribution. The distribution of the small-scale flux rope start time to the nearest sector crossing is presented in Figure 9 . The time to sector crossing is binned is every 0.25 days. There is a very sharp peak with 17 events observed within 0.25 days of a sector crossing. The distribution has a sharp peak and is skewed with a preference before the sector crossing (skew- Figure 5 . The number of small-scale flux ropes normalized by month of observation as a function of the radial heliospheric distance. The error bars are the square root of (the number of events) divided by the months of observation per bin. Table 1 specifies the number of months of observation per bin. The dashed line is the least squares fit, where the radial dependence is R −0.24 . ness is −0.22). The distribution has a mean of 0.016 days ± a standard deviation of 1.4 days.
Discussion
[31] There is a debate as to where small-scale flux ropes originate: (1) they are formed through magnetic reconnection in the solar wind such as across the heliospheric current sheet [Moldwin et al., 1995 [Moldwin et al., , 2000 Cartwright and Moldwin, 2008] , (2) they form in the corona similar to MCs [Feng et al., 2007 [Feng et al., , 2008 , or (3) there are two populations, one originating in the corona and the other in the solar wind. The evolution of small-scale flux rope properties found here can help address this debate. The first suggestion that they are created in the solar wind through reconnection [Moldwin et al., 1995 [Moldwin et al., , 2000 was made because (1) the scale sizes of small-scale flux ropes are much smaller than MCs, (2) they lack a depressed proton temperature like MCs, and (3) they lack an expansion signature at 1 and 5.3 AU.
[32] The second hypothesis was put forth by Feng et al. [2007 Feng et al. [ , 2008 , whose studies suggest that these objects are small-scale versions of MCs with a solar origin. The reasoning was from the results of these studies at 1 AU [Feng et al., 2007 [Feng et al., , 2008 ] using the spacecraft Wind over solar cycle 23. These results showed that small-scale flux ropes and MCs do not have strong dependence on solar cycle, both are predominately in the slow wind, have stronger core field strength as compared to the background solar wind, and their axial longitudes and latitudes are similar [Feng et al., 2008] . The studies by Feng et al. [2007 Feng et al. [ , 2008 did not remove objects from the database that were Alfvénic. This hypothesis is further supported by observations from Mandrini et al. [2005] , who identified a sigmoid on the Sun and correlated it to a small-scale flux rope in the solar wind. This was done through timing the eruption and subsequent observation in the solar wind and comparison of the helicity of the two objects [Mandrini et al., 2005] . This event was not included in our database because it was identified as an Alfvén wave. This hypothesis also does not explain why the proton temperature is not depressed in small-scale flux ropes as it is for MCs. The results from this study will help to shed light on these origin theories.
[33] Our results indicate the occurrence rate of small-scale flux ropes per year has a weak anticorrelation dependence on solar cycle. This result is consistent over three solar cycles (21-23), where on average there is 1 small-scale flux rope per month around solar minimum and 0.4 events per month around solar maximum. In comparison with largescale flux ropes (MCs), their occurrence rate is not as dependent on the phase of the solar cycle. However, the study of ICMEs by Richardson and Cane [2004] found the fraction of MCs in the ICME database at solar minimum to be ∼100% and at solar maximum to be ∼15% during solar cycle 23. They also found that this trend was consistent in solar cycles 21 and 22. It is unclear why MCs are not as prevalent at solar maximum given the rate of ICMEs greatly increases. There have been suggestions on why MCs are less observed compared to ICMEs during solar maximum; these ideas might be related to why small-scale flux ropes are observed less during solar maximum.
[34] There are two views of why flux ropes are preferentially observed during solar minimum over ICMEs. As Table 1 . The dashed line is the least squares fit to the data, where the radial dependence is R −0.07 . The error bars are plus or minus the reduced error, which is the standard deviation of the average flux rope strength divided by the square root of the number of events. solar activity increases, the latitudinal extent of a CME core axis also increases. This term is called the apparent latitude [Yashiro et al., 2004] . This could mean the magnetic clouds will only make a glancing encounter with Earth. The study by Henke et al. [2001] showed with Ulysses data that the percentage with high latitudes ICMEs to low latitude ICMEs increased over solar maximum. It is not clear if this is a true latitudinal change or if this is just consistent with enhanced ICME activity during solar maximum. The second view is that during solar minimum the simple flux rope configuration is more common than during solar maximum where magnetic complexity increases. Mulligan et al. [1998] showed higher inclination magnetic clouds are more likely to occur at solar maximum than solar minimum. There are reports of multiple flux ropes rotations within ICMEs during solar maximum . The results of this study are consistent with the view that as solar magnetic field complexity increases the occurrence of simple flux rope structure decreases. If small-scale flux ropes are being created at the Sun, then these simple force-free structures are observed more easily during solar minimum consistent with the decrease in magnetic complexity.
[35] The average number of events in the inner heliosphere is slightly greater than the outer heliosphere as seen from Figure 5 . The distribution as a function of distance declines as R −0.24 . This distribution indicates the majority of events lies between 0.3 and 1 AU and then begins to declines between 1 and 5 AU. This implies the source of these small-scale flux ropes is in the inner heliosphere. This trend is more compelling when combined with the result from Figure 6 showing the increase in duration (and scale size) from the inner to outer heliosphere. The increase in duration from 0.3 to 1 AU is rapid and after 1 AU begins to flatten out. These observations suggest that small-scale flux ropes are rapidly expanding from their source in the inner heliosphere and their expansion rate slows between 1 and 5 AU.
[36] These results indicate the characteristics of smallscale flux ropes evolve as a function of heliospheric distance. As discussed in the previous paragraph, Figure 6 shows the average duration and scale size of small-scale flux ropes as a function of radial distance. The plot indicates a large, rapid expansion within 1 AU and then a much more gradual change with radial distance. The average rate of scale-size expansion varies with heliospheric distance as a function of R 0.43 . This rate of expansion is weaker than the radial dependence of ICMEs, which continue to expand well past 1 AU and whose rate of expansion varies from R 0.5 to R 0.9 [Forsyth et al., 2006] . The average axial core field strength of small-scale flux ropes drops off as R −0.94 with heliospheric distance, as shown in Figure 7 . This is slower than what is observed for the mean magnetic field of ICMEs, which drops as R −1.3 to R −1.5 , as discussed in Forsyth et al. [2006] . Although these two parameters are not exactly the same, it is useful for comparison purposes to understand that both small-scale flux ropes and ICMEs magnetic field strength decline with radial distance. The ratio of the core field strength to the background IMF field is constant (within error bars) from the inner to outer heliosphere. The ratio is slightly greater than 1, implying smallscale flux ropes are slightly stronger than the background IMF. This suggests that these events survive out to 5.5 AU after being formed in the inner heliosphere or that they are being formed at various heliospheric distances.
[37] The superposed epoch analysis shows that smallscale flux ropes have finished their evolution at 1 AU because they are force-free, cylindrically symmetric magnetic field structures with a constant velocity profile. This is consistent with previous observations of the structure of flux ropes at 1 AU [Moldwin et al., 2000; Feng et al., 2007 Feng et al., 2008 Cartwright and Moldwin, 2008] . The proton temperature is constant across the duration of the event, where for magnetic clouds there is a temperature depression at 1 AU. The median of the proton density is constant across the duration of the event, giving further evidence to support the forcefree nature of these events at 1 AU. The upper quartile of the proton density does show an enhancement before the event starts. This shows that there are some events that move slightly faster than the background plasma and sweep up some of the plasma in front of it creating a sheath region. This is commonly observed at the beginning of magnetic clouds. The overall behavior is best represented by the median density that remains constant across the event. The plasma beta decreases over the duration of the flux rope due to the enhancement in the total field. The total pressure shows an enhancement at the middle of the event. Since the density and temperature remain constant, the enhancement comes from the axial core field of the flux rope, which peaks at the center of the event. This total pressure peak at the center also gives further evidence of the force-free nature of these events.
[38] We investigated the solar wind context of small-scale flux ropes. We presented the time to the nearest sector crossing from the center of the small-scale flux rope in Figure 9 . The results indicate that small-scale flux ropes are most often located near sector crossing (∼6 h or less) and are more likely to be before the sector crossing. There are a few events found inside an ICME sheath region and the ICME itself, where the ICMEs identification is from the databases of Jian et al. [2008] and Cane and Richardson [2003] . Although we removed events that displayed compressive Alfvén wave characteristics with a correlation of 0.7, there were still approximately 10% of events that were in regions of solar wind with high shear Alfvén activity. It is possible these events are compressive Alfvén waves rather than flux ropes and could bias our results; we are working on a future study investigating these waves.
Conclusions
[39] This is the first investigation that observed smallscale flux ropes at a range of heliospheric radial distances, from 0.3 to 5.5 AU. We found that small-scale flux ropes are most likely to occur during solar minimum rather that solar maximum. This trend is consistent over solar cycles 21 to 23. This implies their creation mechanism is dependent on solar cycle. Their properties (occurrence, duration, and axial field strength) evolve from the inner to outer heliosphere. When combining their properties with the occurrence as a function of radial heliospheric distance, the results have shown that small-scale flux ropes are created within 1 AU. The duration of events as a function of heliospheric distance implies that there is a rapid expansion within 1 AU and they remain relatively stable to 5 AU, consistent with the events formed within 1 AU. They are most likely observed near the sector crossing.
[40] The hypothesis that small-scale flux ropes form in the corona similar to MCs [Feng et al., 2007 [Feng et al., , 2008 is supported by the dependence on solar cycle and the expansion of the scale size from the inner to outer heliosphere (similar to MCs). However, if small-scale flux ropes were ejected off the Sun like magnetic clouds, then they should also have similar plasma signatures. Why do they lose their plasma signature by the time they reach 1 AU? Our results also indicate small-scale flux ropes are observed near the sector boundary crossings. This solar origin hypothesis would allow for events to be ejected from any latitude and does not explain the preference of the events to be found near the sector boundary. CMEs are regularly observed by the Large Angle Spectroscopic Coronagraph (LASCO) experiment on the SOHO satellite [Brueckner et al., 1995] . If small-scale flux ropes are small magnetic clouds, it is possible to image the very largest of them being ejected off the Sun using the C1 coronagraph, but the C1 coronagraph failed early in the SOHO mission. We can extrapolate the size of small-scale flux ropes from the inner heliosphere to the Sun using the information from Figure 6 . If we assume to the solar wind was on average 400 km s −1 , consistent with observations for small-scale flux ropes [Cartwright and Moldwin, 2008] , and do a simple linear extrapolation of the expansion rate back to the Sun, then the scale size in the corona is between ∼1 and 400 Mm. This is near the edge of the resolution range of LASCO C2 (17 Mm) and C3 (87 Mm) [Brueckner et al., 1995] . However, the properties of small-scale flux ropes included in this study have different plasma and evolutionary properties from MCs and hence are consistent with a different formation mechanism suggestive that they are not just the small-sized tail of MCs.
[41] The hypothesis that they are created due to magnetic reconnection across the heliospheric current sheet [Moldwin et al., 1995 [Moldwin et al., , 2000 is supported by our observations of being small in scale size, lacking depressed proton temperature, and that they are found near the sector crossing. The vertical extent of the heliospheric current sheet is ∼10 4 km [e.g., Winterhalter et al., 1994] and the average scale size of small-scale flux ropes is ∼10 times this length scale. This is similar to the dimension of the magnetotail current sheet and the scale size of the tail flux ropes [e.g., Linton and Moldwin, 2009] . However, our results also indicate the source region is in the inner heliosphere. This does not rule out the possibility of a solar wind reconnection-type process creating these structures [Gosling, 2005] , but it does suggest that most, if not all, are formed in the inner heliosphere.
[42] We believe our current results are most consistent with formation by (1) magnetic reconnection across the current sheet in the inner heliosphere and possibly (2) a formation mechanism; that small-scale flux ropes are remnants of the streamer belt blobs formed from disconnection [Wang et al., 1998 ]. The streamer belt blobs are observed in the slow wind and have a bipolar structure [Wang et al., 1998 ]. This would account for the lack of flux ropes during solar maximum when the helmet streamers are less confined to the solar equator. This hypothesis could also explain the expansion of the small-scale flux rope dimension from the inner to outer heliosphere. If they are created near the Sun and are overpressured flux ropes, then they could expand into the solar wind consistent with the observations. However, no one-to-one observation of a blob and a small-scale flux rope in the solar wind has yet been found.
Appendix A
[43] Table A1 . 
